Neurocysticercosis (NCC) is caused by the presence of Taenia solium larvae in the brain and is the 52 leading cause of adult-acquired epilepsy worldwide. However, little is known about how seizures 53 emerge in NCC. To address this knowledge gap we used whole-cell patch-clamp electrophysiology and 54 calcium imaging in rodent hippocampal organotypic slice cultures to identify direct effects of cestode 55 larval products on neuronal activity. We found both whole cyst homogenate and excretory/secretory 56 (E/S) products of Taenia larvae have an acute excitatory effect on neurons, which trigger seizure-like 57 events in vitro. Underlying this effect was Taenia-induced neuronal depolarization, which was 58 mediated by glutamate receptor activation but not by nicotinic acetylcholine receptors, acid-sensing 59 ion channels nor Substance P. Glutamate assays revealed the homogenate of both Taenia crassiceps 60 and Taenia solium larvae contained high concentrations of glutamate and that larvae of both species 61 consistently produce and release this excitatory neurotransmitter into their immediate environment. 62 These findings contribute towards the understanding of seizure generation in NCC. 63 3 64 Author summary 65 Brain infection by larvae of the tapeworm Taenia solium (neurocysticercosis or NCC) is the leading 66 cause of acquired epilepsy in adulthood. Little is understood about the mechanisms by which larvae 67 cause seizures. To address this, we used electrophysiological and imaging techniques in rodent brain 68 slices to investigate how tapeworm larvae directly impact neuronal function. We discovered that both 69 the homogenate and secretory products of tapeworm larvae excite neurons and can trigger seizure-70 like events in brain slices. This effect was caused by the activation of glutamate receptors and not by 71 activating other types of receptors in the brain. Finally, we observed that tapeworm larvae both 72 contain and release the neurotransmitter glutamate into their immediate environment. These findings 73 are relevant for understanding how tapeworm larvae cause seizures in NCC. 74 127 floating layer and solid pellet) was collected and sterile filtered through a 0.22 µm size filter (Millex-128 GV syringe filter, Merck). This supernatant was then aliquoted and stored at -80 °C until use. To assess 129 whether large or small molecules were responsible for the excitation of neurons, a portion of the 130 whole cyst homogenate was dialysed using a Slide-A-Lyzer™ dialysis cassette (3kDa MWCO, 131 Separations) in 2l of artificial cerebro-spinal fluid (aCSF) at 4 °C. The aCSF solution was changed twice 132 over 24 hours. To determine the ionic composition of T. crassiceps whole cyst homogenate a Cobas 157 0.45 μm size filters (Millex-GV syringe filter, Merck), aliquoted and stored at -80 °C. All T. crassiceps
Introduction 76
Neurocysticercosis (NCC) is the most prevalent parasitic infection of the central nervous system (CNS)
77
(1,2). It is caused by the presence of Taenia solium (T. solium) larvae in the brain (3). The most common 78 symptom of NCC is recurrent seizures (4). As a result, NCC is the leading cause of adult-acquired 79 epilepsy worldwide (5), resulting in significant morbidity and mortality. In endemic areas, 80 approximately 29% of people with epilepsy also have NCC (6). Despite the impact of NCC, there are a 81 paucity of studies investigating the seizure mechanisms involved (7) . As a result, precisely how larvae 82 are involved in seizure generation is still relatively poorly understood.
84
In NCC seizures may occur at any stage following initial infection (4). It is thought that inflammatory 85 processes in the brain can play an important role in the development of recurrent seizures (8).
86
Previous work exploring seizure development in NCC has therefore typically focused on how the host 87 neuroinflammatory response to larvae might precipitate seizures (7, 9) . Robinson et al. found, for 88 example, that production of the inflammatory molecule and neurotransmitter, Substance P, produced 89 by peritoneal larval granulomas, can precipitate acute seizures (10). In addition to host-derived 90 substances, cestodes themselves are known to excrete or secrete various products that interact with 91 host cells in their vicinity. Cestode larvae derived factors are known to modulate the activation status 92 of immunocytes such as microglia and dendritic cells (11, 12 
169
Hippocampal brain slice preparation 170 Organotypic brain slices were prepared using 6-8 day old Wistar rats and C57BL/6 mice following the 171 protocol originally described by Stoppini et al., (1991 and Na 2 -phosphocreatine (10 mM); Sigma-Aldrich) and a "caesium" internal solution (CsOH (120 mM),
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Gluconic acid (120 mM), HEPES (40 mM), Na 2 ATP (2 mM), NaGTP (0.3 mM) and NaCl (10 mM); 199 Sigma-Aldrich). Experimental substances were puffed onto neurons using an OpenSpritzer, a custom 200 made pressure ejection system (14) . Current was injected if required to ensure a neuronal resting 201 membrane potential within 2 mV of -60 mV. In all puffing experiments each data point represents the 202 mean peak puff-induced change in membrane potential from 10 sweeps. In some experiments 203 tetrodotoxin (TTX) (2 µM) was added to the aCSF to block voltage-gated sodium channels. . 1A) . Whole-cell patch-clamp 230 recordings were made from CA3 pyramidal neurons in rodent hippocampal organotypic brain slice 231 cultures and pico-litre volumes of T. crassiceps homogenate were directly applied to the soma of 232 neurons using a custom built pressure ejection system ( Fig. 1A) (16). Application of the homogenate 233 (20 ms puff) elicited immediate, transient depolarization of the membrane voltage in recordings from 234 both rat and mouse ( Fig. 1B) neurons. Increasing the amount of homogenate delivered by increasing 235 the pressure applied to the ejection system resulted in increasingly large membrane depolarization, 236 which could trigger single or multiple action potentials ( Fig. 1B, C) . Similar puffs of artificial 237 cerebrospinal fluid (aCSF) did not affect the neuronal membrane potential, thereby excluding the 238 possibility that mechanical effects might account for the homogenate-induced depolarization 239 observed.
240
To further explore the acute excitatory effect of T. crassiceps on neurons, neuronal networks and the 241 propagation of network activity, we performed fluorescence Ca 2+ imaging in mouse hippocampal 242 organotypic brain slice cultures. Neurons were virally transfected with the genetically-encoded Ca 2+ 243 reporter, GCAMP6s, under the synapsin promoter and imaged using widefield epifluorescence 244 microscopy ( Fig. 1D and Materials and Methods). To simulate a pro-ictal environment, a low Mg 2+ 245 aCSF was used (0.5 mM Mg 2+ ) and neurons in the dentate gyrus were imaged whilst small, spatially 246 restricted puffs of T.crassiceps homogenate were delivered every 15 s using a glass pipette ( Fig. 1D) .
247
The cells within the direct vicinity of the puffing pipette showed a sharp increase in fluorescence 248 immediately following the delivery of T. crassiceps homogenate ( Fig. 1.1E t 1 ) for all 3 puffs, indicating 249 Ca 2+ entry following membrane depolarization and action potential generation. Interestingly, cells in 250 the periphery showed notable increases in fluorescence at a delayed interval following some (but not 251 all) puffs ( Fig. 1E t 2 ). The excitation of these cells could only be as a result of being synaptically 252 connected to the cells that were exposed to the puff itself, as they were not positioned close enough 253 to the puffer pipette to be directly excited by the homogenate. Indeed, a current-clamp recording 254 from a neuron in the same slice (Fig. 1E, inset) indicates that a single, spatially restricted puff of 255 Materials and Methods) were made from CA3 pyramidal neurons in rat hippocampal organotypic 280 brain slice cultures. If necessary, current was injected to ensure that the baseline membrane potential 281 was within 2 mV of -60 mV. To remove membrane potential fluctuations due to synaptic noise, and to 282 prevent regenerative Na + conductances due to voltage-gated sodium channels, 2 μM TTX was added 283 to the aCSF. Puffs of aCSF containing 11.4 mM K + were directed toward the soma of recorded neurons.
284
Whilst this did cause a depolarization of the membrane potential, the effect was modest, a median 285 positive shift of only 0.72 mV (IQR 0.51 -1.04 mV, N = 8) in the membrane potential, which was 286 significantly less than the depolarization caused by puffs of T. crassiceps homogenate (median 10.12 287 mV, IQR 9.93 -12.49 mV, N = 5, p = 0.0016, Mann-Whitney U test, Fig. 2A, B . 2B and C, the depolarizing response was greatly reduced (p ≤ 0.0003,
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Mann-Whitney U test, Fig. 3 A-C) . The median positive shift in membrane potential for dialysed 304 T. crassiceps homogenate was only 0.27 mV (IQR 0.20 -0.85 mV, N = 5) as compared to a median of 305 13.76 mV (IQR 10.87 -17.24 mV, N = 49) for the total homogenate (Fig. 3) . This suggests that the 306 excitatory component of the T. crassiceps homogenate is a molecule smaller than 3 kDa.
308
Taenia crassiceps excretory/secretory products also cause neuronal depolarization.
309
Helminths are well known to excrete or secrete products into their immediate environment.
310
Therefore, having confirmed that a small molecule within the T. crassiceps homogenate causes acute 311 neuronal depolarization we next sought to determine whether E/S products generated by T. crassiceps Fig. 4A, D, F) . Similarly, T.
325 crassiceps E/S products containing components smaller than 3 kDa evoked a significantly larger shift 326 in membrane potential than the media control (mean 16.09 mV, SEM 1.56 mV, N = 7, p ≤ 0.001, One-327 way ANOVA, Tukey's post hoc test, Fig. 4B, D, F) . The response evoked by the T. crassiceps E/S products containing components smaller than 3 kDa did not differ significantly than that evoked by 329 the total E/S (p > 0.05, One-way ANOVA, Tukey's post hoc test, Fig. 4A, B, F) .
331
However, the T. crassiceps E/S product fraction larger than 3 kDa (mean 1.43 mV, SEM 0.43 mV, N = 8) 332 did not generate significant neuronal depolarization when compared to the PBS control (mean 333 1.10 mV, SEM 0.22 mV, N = 8, p ≤ 0.001, One-way ANOVA, Tukey's post hoc test, Fig. 4C, E, F) . Both 334 the total E/S and the E/S products < 3 kDa evoked a depolarization larger than that of the E/S products 335 > 3 kDa (p ≤ 0.001, One-way ANOVA, Tukey's post hoc test, Fig. 4A, B, D, F Fig. 5A,B) .
357
Acid-sensing ion channels (ASICs) are proton-gated sodium channels known to be expressed by 358 hippocampal neurons and result in neuronal depolarization when activated. We therefore considered 359 that the pH of the T. crassiceps homogenate may be important as acidic conditions could activate 360 ASICS and cause neuronal depolarization. We measured the pH of the T. crassiceps homogenate 361 (mean = 7.99), which was too alkaline to activate ASICs, activated maximally at a pH of 5 (20).
362
However, certain compounds can activate ASICs directly (21). Therefore, to determine whether 363 activation of ASICs could underlie T. crassiceps homogenate induced depolarization we used the non-364 specific ASIC blocker amiloride (2 mM). The presence of amiloride did not significantly attenuate the 365 effect of the homogenate (Fig. 5C) Fig. 5C, D) .
370
A further possible candidate for our excitatory small molecule was Substance P, an abundant 371 neuropeptide and neurotransmitter (22,23). Robinson et al (2012) have found Substance P in close 372 vicinity to human NCC granulomas. Garza et al. (2010) found that substance P signalling contributes 373 to granuloma formation and Substance P enhanced NMDA channel function (25). We therefore 374 investigated whether Substance P could elicit a similar neuronal depolarizing response to that of T.
375 crassiceps homogenate. However, we found that 100 µM Substance P had no acute effect on the 376 membrane potential of CA3 hippocampal pyramidal neurons (median = 0.08 mV, IQR 0.01 -0.12 mV, 377 N = 5, Wilcoxon signed rank test with theoretical median = 0.00, p = 0.0625, Fig. 5E, F Fig. 6A, B) , which recovered to a median value of 14.37 mV (IQR 7.32 -16.38 mV) 393 following washout (N = 9, p ≤ 0.01, Friedman test with Dunn's multiple comparison test, Fig. 6A, B) .
394
This indicated that activation of GluRs is the primary mediator of the depolarizing effect of T. Fig. 6C, D) Fig. 6C, D) . N = 5, Fig. 7A ) -corresponding to approximately 112 μM for puffing experiments. Glutamate 412 at this concentration robustly activates GluRs in hippocampal pyramidal neurons (Forman et al., 413 2017) . T. crassiceps, whilst a closely related species to T. solium, is not the causative pathogen in 414 humans. We therefore also measured the glutamate concentration in homogenate prepared from 415 larvae of T. solium, the predominant pathogen responsible for human NCC. We recorded a glutamate 416 concentration of 4.56 μg/mg (N = 1), which indicates that the concentration of this excitatory 417 neurotransmitter is also high within larvae of T. solium (Fig. 7A) .
419
Whilst glutamate is a neurotransmitter in the CNS, it is also an ubiquitous metabolite present in the 420 cytoplasm of the majority of cells (26). Therefore, it is possible that the T. crassiceps and T. solium 421 homogenate only contain glutamate due to cell lysis during homogenate preparation. To determine 422 whether both these larvae actively produce and excrete/secrete glutamate into their environments 423 we measured the de novo daily production of glutamate by larvae following harvest of live larvae from 424 the intermediate host (mice for T. crassiceps and pigs for T. solium, see Materials and Methods). Both 425 species of larvae were observed to generate glutamate de novo and release this into the culture media 426 (Fig. 7B) N = 1, Fig. 7B 15 larvae for 6 days in vitro for T. crassiceps and T. solium larvae. Note that both species of larvae 592 produce glutamate de novo, particularly on days 4 -6.
